Long Pulse Laser Wire Deposition of Hard Steels  by Ascari, Alessandro et al.
 Physics Procedia  83 ( 2016 )  723 – 732 
Available online at www.sciencedirect.com
1875-3892 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2016.08.074 
ScienceDirect
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
/RQJSXOVHODVHUZLUHGHSRVLWLRQRIKDUGVWHHOV
$OHVVDQGUR$VFDULD$OHVVDQGUR)RUWXQDWRD$GULDQ+$/XWH\D*LDFRPR*XHUULQLD
1XQ]LDQWH3DJDQRD
aUniversity of Bologna, Viale Risorgimento 2, 40136 Bologna, Italy 
$EVWUDFW
/DVHU GHSRVLWLRQ RI KDUG VWHHO ZLUHV RQ PDUWHQVLWLF VWDLQOHVV VWHHO VXEVWUDWHV KDV EHHQ LQYHVWLJDWHG LQ RUGHU WR HYDOXDWH WKH
SRVVLELOLW\ RI SHUIRUPLQJ ORFDOL]HG PROG UHSDLUV $Q H[SHULPHQWDO FDPSDLJQ KDV EHHQ FDUULHG RXW WR DVVHVV WKH UROH RI WKH
GHSRVLWLRQVWUDWHJ\DQGSURFHVVSDUDPHWHUVVXFKDVSXOVHGXUDWLRQSHDNSRZHUDQGIUHTXHQF\RQSURFHVVRXWFRPH7KHH[WHQWRI
WKHGLOXWLRQOD\HUEHWZHHQWKHVXEVWUDWHDQGGHSRVLWHGWUDFNDVZHOODVWHPSHULQJHIIHFWVGXHWRWKHPXWXDOLQWHUDFWLRQEHWZHHQ
WUDFNVDQGOD\HUVDUHVWXGLHGDVIXQFWLRQVRISURFHVVSDUDPHWHUVLQRUGHUWRDVVHVVWKHFKDUDFWHULVWLFVRIWKHGHSRVLWHGWUDFNV,Q
SDUWLFXODULWLVREVHUYHGWKDWXQGHUVXLWDEOHFRQGLWLRQVKDUG+9!GHSRVLWVFDQEHDFKLHYHGZLWKPLQLPDOWHPSHULQJHIIHFWV
HYHQLQWKHFDVHRIPXOWLSOHWUDFNVDQGOD\HUV
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:/RQJSXOVHODVHUZLUHGHSRVLWLRPROGUHSDLUPDUWHQVLWHVWDLQOHVVVWHHO
,QWURGXFWLRQ
/DVHUEDVHG PDQXIDFWXULQJ WHFKQLTXHV KDYH JDLQHG XQGRXEWHG LQGXVWULDO LQWHUHVW RYHU WKH SDVW WZHQW\ \HDUV
%HJLQQLQJ ZLWK ZHOGLQJ DQG FXWWLQJ DQG SURJUHVVLQJ WR PDUNLQJ HQJUDYLQJ DQG VXUIDFH WUHDWPHQWV ODVHU
WHFKQRORJLHV KDYH SURPRWHG QHZ SURGXFWLRQ SDUDGLJPV ZLWK JUHDW EHQHILWV LQ WHUPV RI FRPSHWLWLYHQHVV DQG
HFRQRPLFYLDELOLW\%H\RQG WKHVHQRZZHOOHVWDEOLVKHGDSSOLFDWLRQV WKHXVHRI ODVHUVKDVEHHQH[WHQGHG WRPDQ\
QHZILHOGV WKDQNV WR WKHDYDLODELOLW\RI VRXUFHVZLWKYHU\GLIIHUHQW FKDUDFWHULVWLFV IRUH[DPSOH FRQWLQXRXVZDYH


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:DDVFDUL#XQLERLW
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
724   Alessandro Ascari et al. /  Physics Procedia  83 ( 2016 )  723 – 732 
ORQJVKRUWDQGXOWUDVKRUWSXOVHUHJLPHVKLJKDQGORZSRZHU*DXVVLDQEHDPGLVWULEXWLRQVIRUKLJKSRZHUGHQVLW\
DQGIODWWRSGLVWULEXWLRQVIRUJUDGXDOKHDWLQJRIODUJHVXUIDFHV
$PRQJ WKHVH QHZHU DSSOLFDWLRQV ODVHUEDVHG PDWHULDO GHSRVLWLRQ VKRZV SRWHQWLDO LQ D QXPEHU RI QHZ
DSSOLFDWLRQV,QWKLVFDVHHQHUJ\GHOLYHUHGE\WKHEHDPLVH[SORLWHGWRPHOWDILOOHUPDWHULDOLQWKHIRUPRIZLUHRU
SRZGHU WKDW LV WKHQGHSRVLWHGRQWR D VXEVWUDWH7KH DSSOLFDWLRQRI WKLV WHFKQLTXHKDVJDLQHGSDUWLFXODU LQWHUHVW LQ
WKUHH PDLQ VHFWRUV DGGLWLYH PDQXIDFWXULQJ VXUIDFH OD\HU GHSRVLWLRQ DQG UHSDLU RU UHFRQVWUXFWLRQ RI GDPDJHG
H[SHQVLYHFRPSRQHQWV,QWKHILUVWFDVHPDWHULDOLVGHSRVLWHGLQDOD\HUE\OD\HUIDVKLRQWRIRUPDFRPSOHWHSURGXFW
ZLWK WKH SRVVLELOLW\ RI FUHDWLQJ JHRPHWULHV WKDW DUH GLIILFXOW RU LPSRVVLEOH WR SURGXFHZLWK WUDGLWLRQDO VXEWUDFWLYH
PDQXIDFWXULQJPHWKRGV ,Q WKH VHFRQG FDVH D OD\HU RIPDWHULDO LV GHSRVLWHG RQ DQ H[LVWLQJ VXEVWUDWH WR HQKDQFH
VSHFLILF VXUIDFH FKDUDFWHULVWLFV VXFK DVZHDU RU FRUURVLRQ UHVLVWDQFH KDUGQHVV RU WULERORJLFDO EHKDYLRU5HSDLU RU
UHFRQVWUXFWLRQ RI GDPDJHG SDUWV RQ WKH RWKHU KDQG VHHV WKH GHSRVLWLRQ RI PDWHULDO RQO\ ZKHUH JHRPHWULF
UHFRQVWUXFWLRQ LV UHTXLUHG 7KLV ODVW DSSOLFDWLRQ KDV EHHQ ZLGHO\ VWXGLHG RYHU WKH SDVW WHQ \HDUV DV LW DOORZV
UHVWRUDWLRQRI WKH IXQFWLRQDOLW\RI FRPSOH[DQGH[SHQVLYHFRPSRQHQWV VXFKDV WXUELQHV DLUFUDIW HQJLQH LPSHOOHUV
PROGVDQGGLHVIRUIRUPLQJDQGVWDPSLQJPHWDOVDQGSRO\PHUV5HVHDUFKHIIRUWVLQWKHILHOGKDYHEHHQGHYRWHGWR
VWXG\LQJDQGDVVHVVLQJSURFHVVDSSOLFDELOLW\ LQ UHDO LQGXVWULDOHQYLURQPHQWVZLWK WKHSURFHVV IROORZLQJ WZRPDLQ
GLUHFWLRQVSRZGHUDQGZLUHGHSRVLWLRQDFFRUGLQJWRWKHIXQFWLRQDQGIRUPDWRIWKHGHSRVLWHGPDWHULDO
7KHILUVWGLUHFWLRQGHULYHVGLUHFWO\IURPODVHUFODGGLQJZKHUHDSRZGHULVVSUD\HGLQFRUUHVSRQGHQFHZLWKDODVHU
EHDPVSRWDQGLVWKXVGHSRVLWHGRQWKHVXEVWUDWHLQWKHIRUPRIPROWHQPLFURGURSOHWV5HVHDUFKHIIRUWVLQWKLVILHOG
KDYHEHHQGHYRWHGLQSDUWLFXODUWRDVVHVVPHQWRIWKHUROHRISURFHVVSDUDPHWHUVRQWKHTXDOLW\RIWKHGHSRVLWHGOD\HUV
DQG LQFUHDVLQJ WKH QXPEHU RI SRWHQWLDOO\ GHSRVLWDEOHPDWHULDOV 6XQ HW DO  GHPRQVWUDWHG WKH SRVVLELOLW\ RI
XWLOL]LQJ KLJK VWUHQJWK VWHHOV IRU UHSDLULQJ DHURQDXWLFDO FRPSRQHQWV DVVHVVLQJ WKH HIIHFW RI GHSRVLWHG OD\HUV DQG
UHODWHGSRVWSURFHVVKHDWWUHDWPHQWVRQIDWLJXHEHKDYLRU5RWWZLQNHOHWDOVWXGLHGWKHSRVVLELOLW\RIUHSDLULQJ
VLQJOH FU\VWDO QLFNHO VXSHUDOOR\ WXUELQH EODGHV DVVHVVLQJ WKH SRVVLELOLW\ RI JHQHUDWLQJ FUDFNIUHH GHSRVLWV E\
SUHKHDWLQJFRPSRQHQWV.DWWLUHHWDOVWXGLHGWKHSRVVLELOLW\RIGHSRVLWLQJKLJKFDUERQVWHHOSRZGHUVRQ+
WRROVWHHOVKRZLQJWKDWDVRXQGGHSRVLWHGOD\HUZLWKDPD[LPXPKDUGQHVVRI+9FDQEHDFKLHYHGE\FRUUHFWO\
VHOHFWLQJ WKH SURFHVV SDUDPHWHUV /HZLV HW DO  SURSRVHG WKH SRVVLELOLW\ RI UHSDLULQJ DQG HQKDQFLQJ ZHDU
UHVLVWDQFH RI D 5 QRQDOOR\ &0Q UDLO VWHHO E\ H[SORLWLQJ GLIIHUHQW GHSRVLWLRQ PDWHULDOV KLJK& KLJK0Q
³+DGILHOG´ VWHHO 6WHOOLWH 0DUDJLQJ VWHHO DQG$,6,  VWDLQOHVV VWHHO $OO RI WKH GHSRVLWV H[KLELWHG LPSURYHG
UROOLQJFRQWDFWIDWLJXHOLIHZKLOHWKHPHFKDQLFDOFKDUDFWHULVWLFVYDULHGDVDIXQFWLRQRIWKHVSHFLILFSRZGHUXVHG/LQ
SURSRVHGSURFHVVSDUDPHWHURSWLPL]DWLRQ WKURXJKVWDWLVWLFDOPHWKRGV IRU UHSDLULQJ$,6,VWDLQOHVV VWHHO
WXUELQHEODGHV3D\GDVHW DO  IRFXVHG LQVWHDGRQ7L$O9GHSRVLWVZLWKSDUWLFXODU DWWHQWLRQRQ WKH UROHRI
SURFHVVSDUDPHWHUVDQGHQHUJ\GHOLYHU\RQWKHILQDODFKLHYHGPLFURVWUXFWXUH7KH\REVHUYHGWKDWDORZLQSXWHQHUJ\
FRQWULEXWHVWRWKHIRUPDWLRQRIDPRUHKRPRJHQHRXVPLFURVWUXFWXUH/LXHWDOSUHVHQWHGDVWXG\FRQFHUQLQJ
JURRYH GHIHFW UHSDLULQJ RI 7& WLWDQLXP DOOR\V GHPRQVWUDWLQJ JRRG PHFKDQLFDO FKDUDFWHULVWLFV RI WKH UHVWRUHG
FRPSRQHQW $V LV HYLGHQW IURP WKH DERYH PHQWLRQHG ELEOLRJUDSK\ SRZGHUEDVHG ODVHU FODGGLQJ LV D UHODWLYHO\
PDWXUHSURFHVVDVLWVIHDVLELOLW\FRQFHUQLQJPDQ\GLIIHUHQWPDWHULDOVDQGDSSOLFDWLRQVKDVEHHQGHPRQVWUDWHG
:LUHGHSRVLWLRQRQWKHRWKHUKDQGGHULYHVGLUHFWO\IURPZHOGLQJZLWKILOOHUZLUHZKHUHWKHGHSRVLWHGPDWHULDO
FRPHVIURPDPHWDOOLFZLUHFRQWLQXRXVO\IHGLQFRUUHVSRQGHQFHZLWKWKHODVHUVSRWUHVXOWLQJLQPROWHQGURSOHWVWKDW
DGKHUHWRWKHVXEVWUDWH7KLVWHFKQLTXHLVFKDUDFWHUL]HGE\DKLJKHUGHSRVLWLRQUDWHDQGHIILFLHQF\WKDQSRZGHUEDVHG
FODGGLQJZKLOHDOORZLQJORZHUVHOHFWLYLW\DQGSUHFLVLRQRIWKHGHSRVLWHGOD\HUJHRPHWU\6HYHUDOVWXGLHVKDYHEHHQ
FDUULHG RXW WR FKDUDFWHUL]H WKH IHDVLELOLW\ RI UHSDLULQJ E\ PHDQV RI VROLG ZLUH ODVHU GHSRVLWLRQ 9HGDQL 
FRPSDUHGORQJSXOVHGODVHUGHSRVLWLRQRIZLUHVZLWK7,*DUFZHOGLQJIRUUHSDLULQJPHGLXPFDUERQDOOR\WRROVWHHOV
7KLVVWXG\KLJKOLJKWHGWKHIDFWWKDWODVHUEDVHGDSSOLFDWLRQVDOORZDILQHUPHWDOOXUJLFDOVWUXFWXUHWREHDFKLHYHGDQG
JLYHPXFKEHWWHUFRQWURORYHUWKHPRUSKRORJ\DQGDFFXUDF\RIWKHGHSRVLWHGOD\HU7KHVHUHVXOWVZHUHFRQILUPHGE\
&DSHOORHWDOZKRVWXGLHGWKHHIIHFWRIRSHUDWRUVNLOOVRQVHPLPDQXDOODVHUGHSRVLWLRQ%UDQGOHWDO
DVVHVVHGWKHIHDVLELOLW\RIPDQXIDFWXULQJODUJHSRUWLRQVRIPHFKDQLFDOFRPSRQHQWVLQDQDGGLWLYHPDQQHUE\PHDQV
RI&: ODVHU GHSRVLWLRQ RI WLWDQLXP DOOR\V$ELR\H HW DO  GHYHORSHG D SURFHVVPDS IRU SUHGLFWLQJ SURFHVV
FKDUDFWHULVWLFVDVDIXQFWLRQRIYDULRXVSDUDPHWHUVUHODWLQJWR&:ODVHUGHSRVLWLRQRI,QFRQHO:HQHWDO
SURSRVHG RSWLPL]DWLRQ RI &: ODVHU GHSRVLWLRQ RIPDUWHQVLWLF VWDLQOHVV VWHHOZLUHV IRUPROG UHSDLU $ELR\H HW DO
SURSRVHG D VWXG\ IRU LQVHUWLQJ WXQJVWHQ FDUELGH UHLQIRUFHPHQWZLWK&: ODVHUGHSRVLWLRQRI ,QFRQHOZLUHV
GHPRQVWUDWLQJEHQHILFLDOHIIHFWVUHODWLQJWRPHFKDQLFDOFKDUDFWHULVWLFVDQGZHDUUHVLVWDQFHRIWKHGHSRVLW
7KHVHVWXGLHVXQGHUOLQHWKHIDFWWKDWODVHUEDVHGGHSRVLWLRQRIVROLGZLUHVKDVJDLQHGDWOHDVWDVPXFKLQWHUHVWDV
SRZGHUEDVHG GHSRVLWLRQ ZLWK WKH PDMRULW\ RI WKH VWXGLHV GHDOLQJ ZLWK WKH XVH RI KLJK SRZHU FRQWLQXRXVZDYH
 Alessandro Ascari et al. /  Physics Procedia  83 ( 2016 )  723 – 732 725
VRXUFHVDQGODUJHGLDPHWHUZLUHV!PPIRUPD[LPL]DWLRQRIGHSRVLWLRQUDWHV,QOLQHZLWKWKHVHFRQVLGHUDWLRQV
WKHSUHVHQWSDSHUGHYHORSVH[SHULPHQWDOFKDUDFWHUL]DWLRQRI ORQJSXOVH ODVHUGHSRVLWLRQRI WKLQZLUHVIRU UHSDLULQJ
6WDYD[ VWDLQOHVV VWHHO VXEVWUDWHVZLWK SDUWLFXODU DWWHQWLRQ DOVR RQ WKH SRVVLELOLW\ WR H[SORLW DFWLYH VKLHOGLQJ JDV
PL[WXUHVLQRUGHUWRHQKDQFHWKHFKDUDFWHULVWLFVRIWKHGHSRVLWVDFFRUGLQJWRWKHVWXGLHVFDUULHGRXWE\+HLSOHHWDO
7KHFRQFHSWLVEDVHGRQWKHSRVVLELOLW\RIH[SORLWLQJWKHODUJHQXPEHURISURFHVVSDUDPHWHUVFKDUDFWHULVWLFRISXOVHG
ODVHUVLQRUGHUWRDFFXUDWHO\FRQWUROHQHUJ\LQSXWLQWRWKHZRUNSLHFHWRDFKLHYHJRRGDQGKRPRJHQHRXVPHFKDQLFDO
FKDUDFWHULVWLFVLQPXOWLWUDFNDQGPXOWLOD\HUGHSRVLWV3DUWLFXODUHPSKDVLVLVSODFHGRQSRWHQWLDOVLWXDWLRQVLQZKLFK
WKHGDPDJHGDUHDLVVPDOODQGFRQILQHGZLWKWKHSURFHVV\LHOGLQJJRRGGHSRVLWLQJDFFXUDF\DQGVHOHFWLYLW\
([SHULPHQWDOVHWXS
7KHHTXLSPHQWXVHGIRUWKHSUHVHQWH[SHULPHQWDOFDPSDLJQZDVEDVHGRQD6LVPD6:$VHH)LJVHPL
PDQXDO ODVHU V\VWHP ZKRVH FKDUDFWHULVWLFV DUH UHSRUWHG LQ 7DE  7KH FKRVHQ EDVH PDWHULDO ZDV D 6WDYD[
PDUWHQVLWLFVWDLQOHVVVWHHOLQWKHTXHQFKHGDQGWHPSHUHGVWDWHZLWKDEDVHKDUGQHVVHTXDOWR+9ZKLOHWKHILOOHU
PDWHULDOZDVDPPGLDPHWHUKLJKDOOR\ VWHHOZLUH IURP ,PSURERQG7KHQRPLQDO FRPSRVLWLRQVRI WKH
DERYHPHQWLRQHGPDWHULDOVDUHVKRZQLQ7DE
7DEOH&KDUDFWHULVWLFVRIWKHODVHUVRXUFH
$UFKLWHFWXUH
0D[LPXPDYHUDJHSRZHU
0D[LPXPSHDNSRZHU
0D[LPXPHQHUJ\SHUSXOVH
/DPSSXPSHG1G<$*
:
N:
-
3XOVHGXUDWLRQ
0D[LPXPSXOVHIUHTXHQF\
6SRWGLDPHWHU
)RFDOOHQJWK
0D[LPXPPRYLQJVSHHG
PV
+]
PP
PP
PPV



)LJ6:$ORQJSXOVHODVHUZHOGLQJHTXLSPHQW
726   Alessandro Ascari et al. /  Physics Procedia  83 ( 2016 )  723 – 732 
7DEOH%DVHDQGILOOHUPDWHULDOFRPSRVLWLRQV
 1 &>@ &U>@ 6L>@ 0Q>@ 9>@ 7L>@ 0R>@ )H>@
67$9$; (65        %DO
,PSURERQGB         %DO

7KHH[SHULPHQWDOFDPSDLJQFDUULHGRXWKHUHLQZDVGLYLGHGPDLQO\LQWZRGLIIHUHQWSDUWVDILUVWVWHSGHYRWHGWR
XQGHUVWDQGWKHUROHRISURFHVVSDUDPHWHUVRQWKHPRUSKRORJ\RIWKHGHSRVLWVLQDVLQJOHWUDFNVLQJOHOD\HUVLPSOH
FRQILJXUDWLRQDQGDVHFRQGVWHSDLPHGDWXQGHUVWDQGLQJWKHIHDVLELOLW\RIPXOWLWUDFNDQGPXOWLOD\HUVWUDWHJLHV%RWK
WKRVHFDPSDLJQVZHUHFKDUDFWHUL]HGE\WKHXVHRIVHYHUDOIL[HGSURFHVVSDUDPHWHUVDVVKRZQLQ7DE
7DEOH)L[HGSURFHVVSDUDPHWHUV
6SRWVL]H
3XOVHRYHUODS
6KLHOGLQJJDVIOX[
)RFDOSODQHSRVLWLRQ
PP

OPLQ
2QWKHEDVHPDWHULDOVXUIDFH
$YHUDJHSRZHU
6LQJOHWUDFNOHQJWK
:
PP

,QRUGHUWRXQGHUVWDQGWKHJXLGHOLQHVXVHGLQWKHFKRLFHRIWKHVHSDUDPHWHUVWKHIROORZLQJFRQVLGHUDWLRQVVKRXOG
EHGUDZQWKHVSRWVL]HLVXVXDOO\NHSWDVKLJKDVWKHGRXEOHRIWKHILOOHUZLUHGLDPHWHULQWKLVNLQGRISURFHVVHVLQ
RUGHUWRDOORZWKHFRUUHFWPHOWLQJRIWKHZLUHZLWKRXWORZHULQJWKHSRZHUGHQVLW\WRRPXFKWKHSXOVHRYHUODSZDV
NHSW IL[HG WR VLQFH WKLV YDOXH DOORZV DFKLHYLQJ D VPRRWKGHSRVLWLRQZLWK D UDWKHU KRPRJHQHRXV SHQHWUDWLRQ
ZLWKRXWH[FHVVLYHO\LPSDLULQJWKHSURFHVVVSHHGWKHVKLHOGLQJJDVIOX[ZDVVXIILFLHQWWRDFKLHYHFOHDQGHSRVLWLRQV
WKHDYHUDJHSRZHUZDVNHSWFRQVWDQWLQRUGHUWRFKDUDFWHULVHWKHGHSRVLWVZLWKWKHVDPHDYHUDJHHQHUJ\DQGWKXVWR
EHWWHUXQGHUVWDQGWKHDFWXDOHIIHFWRISXOVHUHODWHGSDUDPHWHUVRQWKHSURFHVV7KHDFWXDOYDOXHRI:ZDVFKRVHQ
DFFRUGLQJ WR WKH IDFW LW LVTXLWH W\SLFDO IRU WKLVFODVVRIVRXUFHVDQG LW LVFRQYHQLHQWO\ IDU IURPWKHPD[LPXPRQH
DFKLHYDEOH E\ WKH 6:$ HTXLSPHQW WKLV VROXWLRQ JXDUDQWHHV WKHPD[LPXP UHSHDWDELOLW\ LQ SXOVH HQHUJ\ DQG
IUHTXHQF\ EHWZHHQ WKH WULDOV$FFRUGLQJ WR WKH FKDUDFWHULVWLFV RI WKHZHOGLQJ VRXUFH WKH H[SHULPHQWDO WULDOVZHUH
SHUIRUPHGLQDVHPLPDQXDOFRQILJXUDWLRQWKHODVHUEHDPZDVPRYHGZLWKUHVSHFWWRWKHZRUNSLHFHE\PHDQVRIWKH
PRWLRQD[HVRI WKHPDFKLQHZKLOH WKHILOOHUZLUHZDVPDQXDOO\KDQGOHG YHU\VLPLODUO\ WRZKDWKDSSHQV LQ*7$
PDQXDOZHOGLQJLQRUGHUWRREWDLQWKHFRUUHFWGHSRVLWLRQRIWKHGURSOHWVDQGWKHIRUPDWLRQRIWKHGHSRVLWVHH)LJ



)LJ3URFHVVVFKHPH

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
7KH ILUVW SDUW RI WKH H[SHULPHQWDO FDPSDLJQZDV FDUULHG RXW DV VLQJOH WUDFN VLQJOH OD\HU GHSRVLWV FRQVLGHULQJ
GLIIHUHQWSHDNSRZHUVDQGGLIIHUHQWSXOVHGXUDWLRQVDFFRUGLQJWR7DE

7DEOH9DULHGSURFHVVSDUDPHWHUV,SKDVH
1 3XOVHGXUDWLRQ
3G>PV@
3XOVHSHDNSRZHU
3S>@
3XOVHIUHTXHQF\
3I>+]@
3XOVHHQHUJ\
3H>-@
3URFHVVVSHHG
Y>PPV@
     







































































































3XOVHSHDNSRZHUDQGGXUDWLRQZHUHFKRVHQDVLQGHSHQGHQWSDUDPHWHUVZKLOHSXOVHIUHTXHQF\ZDVDXWRPDWLFDOO\
GHILQHGLQRUGHUWRDFKLHYHDQDYHUDJHSRZHUHTXDOWRDERXW:DQGSURFHVVVSHHGZDVFDOFXODWHGDFFRUGLQJWR
WKHSXOVHRYHUODSFRQVWUDLQ7KHVKLHOGLQJJDVLQWKLVFDVHZDVSXUH$UJRQ
7KHVHFRQGSDUWRIWKHH[SHULPHQWDOFDPSDLJQZDVGHYRWHGWRDQDO\VHWKHHIIHFWRIPXOWLSOHWUDFNVDQGPXOWLSOH
OD\HUVGHSRVLWVH[SORLWLQJWKHSURFHVVSDUDPHWHUVZKLFKJDYHWKHEHVWUHVXOWVLQWHUPVRIGHSRVLWPRUSKRORJ\LQWKH
SUHYLRXVSKDVHVHH7DE
7DEOH9DULHGSURFHVVSDUDPHWHUV,,SKDVH
1 3XOVHGXUDWLRQ
>PV@
3XOVHSHDNSRZHU
>@
3XOVHIUHTXHQF\
>+]@
3XOVHHQHUJ\
>-@
3URFHVVVSHHG
>PPV@
*DV
D      $U$U2$U&2
D
D










$U$U2$U&2
$U$U2$U&2

,QWKLVSKDVHWKHSURFHVVVWUDWHJ\ZDVFDUULHGRXWGHSRVLWLQJWKUHHOD\HUVFRPSRVHGE\WUDFNVHDFKDVVKRZQ
LQ)LJDQGWKUHHGLIIHUHQWJDVHVZHUHH[SORLWHGSXUH$U$U2DQG$U&2

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)LJ0XOWLWUDFNDQGPXOWLOD\HUGHSRVLWLRQSDWWHUQ
5HVXOWVDQGGLVFXVVLRQ
3.1. First phase 
7KHILUVWH[SHULPHQWDOSKDVHDOORZHGSRLQWLQJRXWWKHUROHRISXOVHUHODWHGSDUDPHWHUVRQWKHPRUSKRORJ\RIWKH
GHSRVLWHGWUDFNV)LJVKRZWKDWJLYHQDFHUWDLQSXOVHGXUDWLRQLQFUHDVLQJWKHSHDNSRZHUFDXVHVDUDSLGLQFUHDVH
RI WKH SHQHWUDWLRQ RI WKH GHSRVLW DW WKH H[SHQVH RI LWV WKLFNQHVV DQG WKDW ZKHQ WKH SHQHWUDWLRQ DQG WKH GLOXWLRQ
EHWZHHQILOOHUDQGEDVHPDWHULDOVEHFRPHYHU\KLJKDQGFUDFNVWHQGWRRFFXUVHHUHGFLUFOHVLQ)LJ















)LJ6LQJOHWUDFNGHSRVLWLRQVPV
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7KH UHVXOWV FRQFHUQLQJ WKH WULDOV SHUIRUPHG DW   DQG  PV SXOVH GXUDWLRQ VKRZHG WKH VDPH WUHQG
XQGHUOLQLQJWKDWLQRUGHUWRDFKLHYHDJRRGWUDGHRIIEHWZHHQSHQHWUDWLRQDQGWKLFNQHVVRIWKHGHSRVLWHGOD\HUWKH
SHDNSRZHUPXVWEHNHSWUDWKHUORZDQGWKHSURSHUHQHUJ\VXLWDEOHIRUREWDLQLQJWKHULJKWPHOWLQJRIWKHILOOHUZLUH
VKRXOGEHREWDLQHGE\RSHUDWLQJRQ WKHSXOVHGXUDWLRQ7KHDERYHPHQWLRQHGFRQVLGHUDWLRQVDUHFRQILUPHGE\ WKH
JUDSKV LQ)LJ LQRUGHU WRDFKLHYHGHSRVLWV FKDUDFWHUL]HGE\DJRRG UHLQIRUFHPHQW DQGD ORZSHQHWUDWLRQSXOVH
SHDNSRZHUVKRXOGQRWH[FHHG$FFRUGLQJWRWKHDERYHPHQWLRQHGUHVXOWVWKHVHFRQGSKDVHRIWKHH[SHULPHQWDO
FDPSDLJQZDV DLPHGDW H[SORLWLQJ WKHSDUDPHWHUVZKLFKJDYH WKHEHVWGHSRVLWV LQ WKHSUHYLRXVSKDVH LQRUGHU WR
DFKLHYHPXOWLWUDFNDQGPXOWLOD\HUGHSRVLWVZLWKSDUWLFXODUDWWHQWLRQDOVRRQWKHFRPSRVLWLRQRIWKHVKLHOGLQJJDV



























)LJ3HQHWUDWLRQGHSWKZLGWKDQGUHLQIRUFHPHQWRIWKHGHSRVLWV
3.2. Second phase 
)LJVKRZV WKHUHVXOWVRIDPXOWLOD\HUGHSRVLW LQ$UDWPRVSKHUHSHUIRUPHGH[SORLWLQJPVDQGSHDN
SRZHU7KHKDUGQHVVUHVXOWVZHUHPHDVXUHGDVVLQJOHLQGHQWDWLRQVHYHQO\GLVWULEXWHGLQWKHYDULRXVVHFWLRQVRIWKH
VLQJOHGHSRVLWVDVVKRZQLQ)LJDQGWKH\XQGHUOLQHWKDWWKHUHLVDFHUWDLQKRPRJHQHLW\ERWKEHWZHHQVLQJOHWUDFNV
LQWKHVDPHOD\HUDQGEHWZHHQGLIIHUHQWOD\HUV7KHWRWDOKHLJKWRIWKHGHSRVLWZDVDERXWPPDQGWKHWRWDOZLGWK
ZDVDERXWPP7KHDGKHVLRQEHWZHHQWKHWUDFNVZDVJRRGDQGQHLWKHUHYLGHQWODFNRIIXVLRQGHIHFWVQRUSRURVLWLHV
ZHUHGHWHFWHG7KHWULDOVSHUIRUPHGDWDQGPV1DDQGDLQ7DEVKRZHGVLPLODUUHVXOWVERWKLQWHUPVRI
GHSRVLW GLPHQVLRQV DQG KDUGQHVV )LJ  UHSRUWV WKH UHVXOWV FRQFHUQLQJ KDUGQHVV PHDVXUHPHQWV WDNHQ IURP WKH
VXUIDFHLQDFURVVVHFWLRQRIWKHGHSRVLWVDVVKRZQE\WKHUHGGDVKHGDUURZLQ)LJ



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





)LJ0XOWLWUDFNGHSRVLWLRQVPV1D±7DE













)LJ+DUGQHVVPHDVXUHPHQWVFRQFHUQLQJWULDOV1DDQGD7DE7KHLQGHQWDWLRQVZHUHSHUIRUPHGVWDUWLQJIURPWKHXSSHUSDUWRIWKHGHSRVLW
WRZDUGVWKHEDVHPDWHULDO2QO\RQHPHDVXUHPHQWZDVSHUIRUPHGRQHDFKVSHFLPHQ


















)LJ0XOWLOD\HUGHSRVLWVFRQFHUQLQJWULDO1D7DE
P
P
P
+DUGQHVVPHDVXUHPHQWGLUHFWLRQ
P
+9
+9  +9  +9
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
)LJ0XOWLOD\HUGHSRVLWVFRQFHUQLQJWULDO1D7DE
,WFDQEHQRWLFHGWKDWWKHKDUGQHVVLVTXLWHKRPRJHQHRXVWKURXJKRXWWKHGLIIHUHQWWUDFNVDQGWKDWQHLWKHUWKHSXOVH
GXUDWLRQQRUWKHVKLHOGLQJJDVGHWHUPLQHDSSUHFLDEOHYDULDWLRQVLQWKLVSDUDPHWHU)LJDQGSXWLQHYLGHQFHWKH
UROHRIWKHVKLHOGLQJJDVDVORQJDVDQDFWLYHPL[WXUHLVXVHGWKHSHQHWUDWLRQLVKLJKHUDQGWKHVXUIDFHRIWKHGHSRVLWV
LV VPRRWKHU DQG D ELW PRUH UHJXODU 7KHVH DVSHFWV DUH GXH WR WKH IDFW WKDW R[\JHQ DQG FDUERQ GLR[LGH SURPRWH
H[RWKHUPLF R[LGDWLRQ UHDFWLRQV GXULQJ WKH SURFHVVZKLFK FRQWULEXWH WR LQFUHDVH WKH KHDW LQSXW DQG FDXVH D ORYHU
VXUIDFH WHQVLRQZLWK HYLGHQW EHQHILWV RQ WKH VPRRWKQHVV RI WKHGHSRVLWV 3DUWLFXODUO\ DGYLVDEOH LV WKH XVH LQ WKLV
GLUHFWLRQRI$U&2PL[WXUHVZKLFKJLYHVLPLODU UHVXOWV LQ WHUPVRISHQHWUDWLRQDQGGHSRVLWLRQTXDOLW\DV$U2
RQHVEXWWHQGWROHDYHDPXFKFOHDQHUVXUIDFHDWWKHHQGRIWKHSURFHVV
&RQFOXVLRQV
7KH SUHVHQW SDSHU DQDO\]HV ORQJSXOVH ODVHU GHSRVLWLRQ RI KDUGHQDEOH DOOR\ VWHHO RQPDUWHQVLWLF VWDLQOHVV VWHHO
VXEVWUDWHV IRU SRWHQWLDO UHSDLULQJ RIPHFKDQLFDO FRPSRQHQWV ,Q SDUWLFXODU WKH H[SHULPHQWDO FDPSDLJQ FDUULHG RXW
XQGHUOLQHVWKDW
 ,QRUGHUWRDFKLHYHDJRRGWUDGHRIIEHWZHHQGHSRVLWSHQHWUDWLRQDQGWKLFNQHVVWKHSHDNSRZHUPXVWEHNHSWORZ
DQGWKHHQHUJ\GHOLYHUHGGXULQJWKHSURFHVVVKRXOGEHWXQHGE\DFWLQJRQWKHSXOVHGXUDWLRQ
 $YHUDJHO\ ORQJ SXOVH GXUDWLRQV GHWHUPLQH VRXQG VPRRWK DQG UHJXODU GHSRVLWV HYHQ LQ PXOWLOD\HU
FRQILJXUDWLRQV
 ([FHVVLYHO\KLJKSHDNSRZHUGHWHUPLQHXQZDQWHGGHHSSHQHWUDWLRQVZKLFKSURPRWHDKLJKGLOXWLRQDQGWHQGWR
IDYRUFUDFNIRUPDWLRQ
 7KHXVHRI VOLJKWO\DFWLYH VKLHOGLQJJDVPL[WXUHVSURPRWHGHHSHUSHQHWUDWLRQVDQGVPRRWKHUGHSRVLWVZLWKRXW
DIIHFWLQJQHLWKHUWKHLUTXDOLW\QRUWKHKDUGQHVV
P
P
P
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